In this work, we investigate the effect of the stacking sequence in MoS 2 multilayer systems on their electron transport properties, through first-principles simulations of structural and electron transport properties. We show that interlayer electron transport is highly sensitive to the stacking sequence of the multilayers, with specific sequences producing much higher electron transmission due to larger orbital interactions and band structure effects. These results explain contrasting experimental evidence on interlayer transport measurements as due to imperfect structural control, provide insight on modeling and suggest ways to improve the performance of electron devices based on MoS 2 multilayer systems via multilayer structure engineering.
I. INTRODUCTION
Transition metal dichalcogenides (TMDs) and, in particular, layered TMDs, have received great attention in recent years due to their appealing physical and electrical properties, enabling their use in transistors, photodetectors and other electron devices.
1-5 Assuming defect-less individual layers, the key structural degree of freedom defining these materials is the relative arrangement (stacking) of the layers. The relative weakness of van der Waals forces, responsible of cohesion, allows sliding or rotation of adjacent layers, resulting in different stacking sequences. Bulk MoS 2 crystallizes in two different polytypisms, 2H and 3R, differing in the stacking orientation of the layers. 6 The electronic properties of these materials are rather sensitive to morphology and interlayer interaction, 7-10 with band gap energy and direct-to-indirect band gap transition depending on the number of layers and interlayer distance. [11] [12] [13] [14] [15] In the literature, several experimental and theoretical studies have thus been performed, 6, [16] [17] [18] [19] [20] [21] to investigate these phenomena. However, most investigations analyzed electronic properties (band gap variation, interlayer coupling and spectroscopic responses) as a function of the rotation angle of MoS 2 bilayer and trilayer, 6, 11, 16, [22] [23] [24] whereas few experimental and theoretical works have dealt with the effects of rotation angle on interlayer resistance. 22, 23, 25 Therefore, there are still important issues to be overcome at experimental level for rotated/slided MoS 2 , i.e., how to control the stacking orientation and the consequent formation of Moiré patterns and the presence of stacking faults, and how these features affect quantities related to electric transport such as Schottky barrier and the transmission coefficient. It is thus still so far unclear which is the most favorable stacking for electron transport in between the layers and which is the range of variation. and consequently leads to an increase in electron resistivity with the twist angle. 22 As we will show in the following, by using highly symmetric configurations we can here explore sliding/rotation angles of multilayered MoS2 not considered in this previous work, and show that for specific stacking configurations the opposite effect of an increase in electric transport can occur. Significant effects of different stacking orders on carrier effective masses and carrier transmission were also observed in other layered systems such as black phosphorous.
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One problem to be faced in computational studies is that mis-oriented layers become incom- It should be noted that AA' corresponds to the stacking in the bulk 2H phase, whereas AB approximately corresponds to the stacking in the bulk 3R phase (our replicated system does not exactly correspond to the 3R phase whose unit cell is a trilayer in which the top and bottom are staggered, not eclipsed).
These stacking sequences can be classified in two groups, taking into account the epitaxy of the sulfur atoms between the two layers of MoS 2 :
i. 'hollow' (staggered) configurations, where S atoms of one layer are placed in hollow sites of the layer underneath or on top of Mo atoms. These configurations utilize the experimental interlayer distance of 2.98Å as in the bulk MoS 2 . 6, 29 In this category we include AA', AB and AB' stacking (see Figure 1 (a), (c) and (e) respectively). For these configurations, we have performed first-principles DFT simulations with the Quantum Espresso package, 31 using a plane wave basis set, a gradient-corrected exchangecorrelation functional (Perdew-Burke-Ernzerhof (PBE)), 32 scalar-relativistic ultrasoft pseudopotentials (US-PPs) 33 and including Grimme's DFT-D2 dispersion correction. conduction band minimum (CBM), valence band maximum (VBM), direct and indirect band gaps.
Relative energy is obtained with respect to th AA' stacking. Interlayer coupling (in eV) of the CBM at K point and the VBM at K and Γ points are also reported. From Figure 3 and Figure S2 of • AB and AA' stacking configurations show lower transmission coefficient below the Fermi level,
• electron transmission is higher for the structures where the sulfur atoms are sited in 'on top' position (stacking AA and A'B), but also for the hollow structure AB',
• the transmission curves above the Fermi level are similar to each other except for the AB stacking, which again presents a lower conductance.
These results can be explained as follows. The 'on-top' configurations achieve a larger conductance with respect to 'hollow' configurations, because of a better inter-layer overlap among p z orbitals of the S atoms in close contact. Among 'hollow' configurations, the behav- louin Zone in which the AA' phase exhibits a smaller band difference/larger transmission, so that the overall increase in transmission is marginal. The reasons of such behavior 22 lie in a 'charge compression' effect. In the configurations with an interlayer distance of 2.98Å, the repulsion among the electronic clouds of the S atoms pushes the valence band at higher energy, especially at the Γ point, producing a decrease of the indirect band gap, 5,39,40 but also of the transmission coefficient. Instead, shifting the stacking relationship to the 'on-top' configuration also optimizes orbital overlap, thus leading to nearly ideal transmission. Rotating/sliding and decoupling the MoS 2 layers decreases charge compression effects, and is thus singled out as an efficient tool to significantly improve transport properties. Additionally, a similar effect can also be obtained in the AB' configuration at an interlayer distance of 2.98Å, in which the energy gap around to the M point of the Brillouin Zone (encircled regions in Figure 3 ) is reduced due to interference effects and transmission consequently improved.
To confirm the previous analysis, we have also decomposed the transmission in terms of contributions of individual k-points set to the total transmission coefficient, as a function of the energy. The k-points set corresponds in this case to the uniform mesh of k-points in an orthorhombic cell used in the transport simulations. Every set is composed by two coordinates: k x and k y , perpendicular to the propagation direction z. In this way it is possible to evaluate transmission in a particular region of the k-space. Accordingly to the color plots depicted in Figure 4 , there is a lower contribution of specific k-points in proximity of the K point of the Brillouin Zone (BZ) for the AB stacking configuration with respect to the AA' and AB' ones, in tune with a reduced transmission.
To complete our analysis, we finally calculated transmission coefficients for the 'hollow'
configurations but considering as interlayer distance both 2.98 and 3.50Å, and show the corresponding results in Figure 5 . The interlayer distance depends on the interlayer rota- 
IV. FINAL REMARKS
In summary, we have studied the effects of the stacking order on the electronic structure and electron transport features in multilayer MoS 2 via first-principles simulations. As in previous work, the electronic structure of bilayer MoS 2 shows significant differences in the indirect band gap and interlayer coupling parameter, depending on the stacking sequence considered. Here, we additionally show that this appreciably affects transport properties.
For 'on top' stacking, in which the overlap interaction between the sulfur atoms is the highest, we find much larger electron transmission with respect to bulk-like 'hollow' stacking configurations. Moreover, also within the 'hollow' stacking configurations, there exists one, corresponding to AB' stacking, which presents larger transmission especially below the Fermi level with respect to AA' and AB stackings (corresponding to 2H and 3R bulk phases). This behavior is explained as due to a decrease of charge compression and a tuning of orbital interactions between sulfur atoms belonging to different MoS 2 layers.
We conclude that van der Waals stacking in 2D layered materials entails a degree of freedom in the epitaxial relationships among stacked monolayers that affects not only their electronic structure but also their transport behavior -this latter dependence is more subtle than the former due to the larger sensitivity of transport to off-diagonal elements of the density matrix and details of the band structure. Theory provides an important insight into this phenomenon, and can guide experiment to single out unexpected effects. In particular, we find a larger value of electron transmission for the 'on top' stacking in which however the interlayer distance is larger with respect to the 'hollow' ones, and we also find a near optimal transmission in one specific 'hollow' configurations which present a significant orbital overlap but reduced band splitting at the Γ-K points. Interestingly, we thus find an increase of the electron transmission for properly engineered misoriented configurations. These results provide additional insights with respect to previous work, including configurations not considered before (such as 'on top' configurations or AB stacking) and extend our knowledge on the dependence of transport properties of MoS 2 multilayer systems upon rotation/sliding, thus suggesting the importance of MoS 2 stacking to achieve control of conduction and consequently performance of MoS 2 -based electronic devices. 
